Although the properties and trafficking of AMPA-type glutamate receptors (AMPARs) depend critically on associated transmembrane AMPAR regulatory proteins (TARPs) such as stargazin (c-2), no TARP has been described that can specifically regulate the important class of calcium-permeable (CP-) AMPARs. We examined the stargazin-related protein c-5, which is highly expressed in Bergmann glia, a cell type possessing only CP-AMPARs. c-5 was previously thought not to be a TARP, and it has been widely used as a negative control. Here we find that, contrary to expectation, c-5 acts as a TARP and serves this role in Bergmann glia. Whereas c-5 interacts with all AMPAR subunits, and modifies their behavior to varying extents, its main effect is to regulate the function of AMPAR subunit combinations that lack short-form subunits, which constitute predominantly CP-AMPARs. Our results suggest an important role for c-5 in regulating the functional contribution of CP-AMPARs.
signaling, none have been described that are selective for CP-AMPARs or that control the properties of AMPARs in glia. The stargazinrelated protein g-5 has been widely used as a negative control in experiments with recognized TARPs 20, 21, 25 . It does not rescue AMPAR responses in granule cells from stargazer mice 22 , which lack g-2, and is without the specific PDZ-binding domain through which other TARPs regulate AMPAR targeting 22, 25, 26 . Given that g-5 is intensely expressed in cerebellar Bergmann glia 28 and that neuronglia signaling in these cells is dependent on CP-AMPARs 10, 12, 29, 30 , we considered whether g-5 might modify CP-AMPARs. We found that g-5 regulated selectively the functional properties of those AMPARs that lack short-form subunits, including AMPARs containing the GluR2Long (GluR2L) splice variant and homomeric CP-AMPARs composed of GluR1 or GluR4.
RESULTS

c-5 modifies AMPAR properties
We determined properties of recombinant AMPARs expressed in tsA201 cells (see Methods) by studying currents evoked by rapid application of glutamate onto outside-out membrane patches (Fig. 1) . Initially, we compared responses from cells transfected with GluR4 alone with those from cells transfected with both GluR4 and g-5 ( Fig. 1) , or with recognized TARP family members (g-2, g-3, g-4, g-7 or g-8) (Fig. 2) .
As expected 20 , each of the established TARPs significantly increased single-channel conductance (estimated from nonstationary fluctuation analysis (NSFA); see Supplementary Table 1 online and Methods; Fig. 2a ). For example, with g-2 transfection, conductance increased from 20.1 ± 1.3 pS to 31.4 ± 2.5 pS (P ¼ 0.0016, n ¼ 8 and 9 patches). © 2009 Nature America, Inc. All rights reserved.
We found that g-5 also produced a sizeable increase in single-channel conductance (from 20.1 ± 1.3 pS to 36.0 ± 2.6 pS; P o 0.0001, n ¼ 8 and 7 patches). The magnitude of the conductance increase seen with g-5 was comparable to that obtained with each of the previously established TARP family members (all P 4 0.2, n ¼ 5 to 10) (Fig. 2a) . Thus, contrary to previous expectations, g-5 modified AMPAR behavior.
c-5 behaves differently from other TARPs
To establish whether g-5 regulated other functionally important AMPAR properties, we measured two parameters that contribute to the overall efficacy of the receptor population: the probability that agonist-bound channels will open (peak open probability, P o,peak ) and the speed of desensitization (t des ). Whereas P o,peak for homomeric GluR4 AMPARs was not altered by expression together with the established TARPs, it was markedly decreased by g-5 (from 0.57 ± 0.03 to 0.33 ± 0.03; P o 0.0001, n ¼ 8 and 7) (Fig. 2b) . Unlike g-2, g-3, g-4 and g- 8 (refs. 31-33) , g-5 did not slow receptor desensitization (3.47 ± 0.27 ms for GluR4 alone versus 3.01 ± 0.16 ms with g-5, P ¼ 0.1731, n ¼ 8 and 7; this compares with 5.7 ± 0.7 ms with g-2, P ¼ 0.0114, n ¼ 9) ( Fig. 2c ; see also refs. 20, 22) . These observations suggested that g-5 differed markedly from other TARPs in its influence on AMPARs. Of note, g-7, the TARP family member whose sequence most closely resembles that of g-5 (ref. 22 ) did not slow desensitization either (3.47 ± 0.27 ms for GluR4 versus 3.27 ± 0.36 ms with g-7; P ¼ 0.6525, n ¼ 8 and 5) (Fig. 2c) .
We showed recently that the prototypical TARP, g-2, attenuates the blocking action of intracellular polyamines on native and recombinant CP-AMPARs 24 , resulting in a decreased inward rectification. This property is shared by g-5 ( Fig. 3a) , which, like established TARPs, reduced rectification of homomeric GluR4 responses (quantified in Fig. 3b as the rectification index RI +60/À80 ; see Methods). Although significant, the effect of g-5 was less than that of other TARPs; this was also clear from the current versus voltage (I-V) plots comparing g-5 and g-3 (Fig. 3a) , as well as from representative patch responses (Fig. 3c) , where the relative peak and steadystate outward currents (at +80 mV) were noticeably smaller with g-5 than with g-2 (RI +60/À80 was 0.025 ± 0.003 for GluR4 versus 0.081 ± 0.012 with g-5; P ¼ 0.0019, n ¼ 5 patches for both; this compares with 0.238 ± 0.032 with g-2; P ¼ 0.0001 versus g-5, n ¼ 4).
The effect of g-5 on the functional properties of AMPARs was not restricted to homomeric GluR4. Coexpression of g-5 also increased GluR1 single-channel conductance (from 19.6 ± 1.9 pS to 44.3 ± 4.2 pS, P ¼ 0.0002; n ¼ 7 and 6) and decreased P o,peak (from 0.53 ± 0.04 to 0.38 ± 0.03; P ¼ 0.015), whereas t des was unchanged (2.3 ± 0.3 ms versus 2.3 ± 0.1 ms, P ¼ 0.9967) (Fig. 4) . By contrast, g-5 was without effect on single-channel conductance, P o,peak , t des or RI of calciumpermeable GluR6(Q) kainate receptors (Fig. 4) , indicating that its actions did not reflect a nonspecific modification of calcium-permeable receptors. Indirect effects of g-5 also seem unlikely. Phosphorylation at Ser831 increases the single-channel conductance of homomeric GluR1 AMPARs 34 . As TARP gene family members can interact with voltagegated calcium channels, g-5 could conceivably facilitate the elevation of intracellular calcium, causing kinase activation, GluR1 phosphorylation and, ultimately, increased channel conductance. To test this, we made a GluR1 mutant (S831A) that was incapable of being phosphorylated. We found that g-5 increased the conductance of GluR1 S831A to the same extent as that of GluR1 (from 16.2 ± 0.9 to 46.7 ± 5.6; P ¼ 0.00005, n ¼ 7 and 4, respectively), arguing against such indirect modulation.
CP-AMPARs in Bergmann glia are associated with c-5
Is g-5 involved in the regulation of native AMPARs? In the cerebellum, g-5 is intensely expressed only in Bergmann glial cells (BGCs) 28 , where it occurs with g-4. BGCs have relatively uniform surface expression of CP-AMPARs, formed from GluR1 and/or GluR4 subunits 10, 29, 30, 35 . To determine whether AMPARs in BGCs showed properties indicative of TARP association, we initially examined polyamine block using cells grown in primary culture (see Methods). The I-V plots obtained showed significantly less rectification than was seen with recombinant homomeric GluR1 or GluR4 assemblies expressed in the absence © 2009 Nature America, Inc. All rights reserved. of a TARP ( Supplementary Fig. 1 online), consistent with the idea that TARPs normally modify AMPARs in BGCs. We therefore next compared the properties of CP-AMPARs in outside-out patches from visually identified BGCs in acute cerebellar slices ( Fig. 5a ) (see Methods) with those of recombinant AMPARs coexpressed with g-4 or g-5.
Following fast application of glutamate (10 mM, 100 ms) onto outside-out patches, we measured the kinetics of receptor desensitization (t des ) and used NSFA to estimate single-channel conductance and P o,peak ( Fig. 5b-d ). For BGCs, t des was 2.54 ± 0.04 ms, P o,peak was 0.39 ± 0.03 and mean single-channel conductance was 35.7 ± 3.2 pS (all n ¼ 8). For homomeric recombinant receptors, we obtained closely comparable values only when GluR4 subunits were expressed with g-5 (t des 3.0 ± 0.2, P o,peak 0.33 ± 0.03, mean single-channel conductance 36.0 ± 2.6 pS; all n ¼ 7) (Fig. 5) . When we compared the rectification of BGC AMPARs with that of recombinant AMPARs, once again we obtained equivalent values only when g-5 was coexpressed (RI +60/À60 for BGCs was 0.17 ± 0.03; for GluR4 plus g-5 it was 0.15 ± 0.02; both n ¼ 6) (see Fig. 5e ). From these various measurements, it was clear that the properties of CP-AMPARs in BGCs differed substantially from those of recombinant GluR1 or GluR4 receptors expressed with or without g-4, but that they matched well those of receptors assembled from GluR4 and g-5. Indeed, of the receptors examined, this was the only combination between a homomeric AMPAR subunit and a TARP whose properties did not differ significantly from those of CP-AMPARs in BGCs. Of note, GluR1/GluR4 heteromeric receptors expressed with g-5 also mimicked the properties of BGC AMPARs (conductance 29.2 ± 2.9 pS, P o,peak 0.38 ± 0.07, t des 3.0 ± 0.2; all n ¼ 6). Thus, irrespective of the GluR subunit(s) involved, CP-AMPARs in BGCs may be associated with g-5.
Although this conclusion is drawn from recordings of somatic AMPARs in excised membrane patches from BGCs, two lines of evidence suggest that it may also apply to BGC AMPARs activated after release of glutamate from climbing and parallel fibers [36] [37] [38] . Recent experiments using double immunogold labeling 39 showed that the scaffolding protein SAP97 (synapse-associated protein) is located with GluR1 in BGC plasma membrane facing parallel fiber synapses. In coimmunoprecipitation assays using whole cerebellar tissue from adult rat, we found that an antibody to SAP97 interacted with both GluR1 and g-5 ( Fig. 6a ) (see Methods). As g-5 is found in the cerebellum only within BGCs, this finding strongly suggests that AMPARs, at points of contact between BGCs and parallel and climbing fibers, are associated with g-5. A further coimmunoprecipitation assay confirmed that g-5 also interacted with GluR4 in adult cerebellum, suggesting that both GluR1 and GluR4 may be associated with g-5 at synaptic sites in BGCs (Fig. 6a) . As expected, a pan-TARP antibody also precipitated GluR4 from cerebellum, most likely reflecting the known interaction between stargazin and GluR4 in granule cells (Fig. 6a) . Next, we compared published values for the decay of BGC quantal events 30 , corrected from their higher recording temperature (see Supplementary Methods online), with the deactivation kinetics of recombinant receptors expressed with and without TARPs. In accord with our immunoprecipitation data suggesting the presence of g-5, the decay of quantal events matched well with © 2009 Nature America, Inc. All rights reserved. Figure 4 g-5 modifies the properties of homomeric GluR1 CP-AMPARs but not those of homomeric GluR6 kainate receptors. (a) g-5 increased the channel conductance for homomeric GluR1 receptors but had no effect on conductance of kainate (GluR6) receptors (17.8 ± 1.9 pS without g-5 versus 18.9 ± 2.2 pS with g-5; P ¼ 0.6972, n ¼ 5 for both). (b) g-5 decreased the open probability (P o,peak ) of homomeric GluR1 receptors but had no effect on P o,peak of kainate receptors (0.60 ± 0.08 for GluR6, versus 0.69 ± 0.06 for GluR6 plus g-5; P ¼ 0.3708, n ¼ 5 for both). (c) g-5 was without effect on the desensitization time course (t des ) of CP-AMPARs or kainate receptors (3.31 ± 0.20 ms for GluR6, versus 3.42 ± 0.36 for GluR6 plus g-5; P ¼ 0.7941, n ¼ 5). (d) Inwardly rectifying I-V relationships for peak currents evoked by glutamate (10 mM, 100 ms) applied to outside-out patches from tsA201 cells containing homomeric GluR6 receptors (n ¼ 7) or GluR6 plus g-5 (n ¼ 6). Intracellular solution contained 100 mM spermine. Currents are normalized to values at À80 mV; solid lines are fits of eighth-order polynomials. Error bars (s.e.m.) are hidden by symbols. *P o 0.05; ***P o 0.0005. GluR1 GluR6
the deactivation kinetics of receptors expressed with g-5 ( Fig. 6b) .
Of note, the time constant for deactivation of GluR1 or GluR4 receptors expressed with g-4 was more than five times that of the decay of BGC quantal events ( Fig. 6c) , suggesting that properties of AMPARs at points of contact with climbing and parallel fibers are determined by g-5 rather than g-4.
c-5 differentially affects CP-AMPARs
If g-5 is a TARP, why is it unable to rescue AMPAR surface expression or synaptic responses in stargazer mutant cerebellar granule cells 22 ? Lack of the amino acid motif -TTPV, which forms the PDZ-binding domain in other TARPS, may explain why g-5 does not produce synaptic targeting, but, given our findings, it is surprising that no granule cell AMPAR surface expression is recovered in stargazer mutants. One possibility is that the effect of g-5 on AMPAR-mediated macroscopic current shows subunit selectivity. To address this, we examined patches from tsA201 cells transfected with g-5 and varying proportions of cDNA for GluR2 and GluR4. This allowed us to explore different AMPAR subtypes in a continuum of assemblies-from homomeric GluR4 to heteromeric GluR2/GluR4 (Fig. 7a) .
As expected, we obtained a wide range of rectification values (RI +60/À60 0.07-1.35), reflecting the differing contribution of GluR2 subunits to AMPAR assemblies 1 . We plotted single-channel conductance as a function of RI, after grouping data according to whether patches showed a low (o0.4), intermediate (0.4-0.8) or high (40.8) RI. For patches in which most receptors were expected to be homomeric GluR4 (transfected with a low proportion of GluR2 cDNA, and yielding a low RI), g-5 produced a significant increase in single-channel conductance (from 13.4 ± 2.3 pS to 27.1 ± 2.6 pS; n ¼ 8 and 7 respectively; P ¼ 0.0017) (Fig. 7a) . Similarly, conductance increased in patches with intermediate RI values (from 8.0 ± 0.8 pS to 15.4 ± 1.5 pS; n ¼ 6 and 9; P ¼ 0.0023). However, g-5 had no significant effect on conductance for patches with a high RI (high proportion of heteromeric GluR2/GluR4 assemblies) (8.7 ± 1.1 pS with g-5 versus 6.0 ± 1.1 pS without g-5, n ¼ 10 and 6; P ¼ 0.1303). This suggested that g-5 can selectively modify the properties of, or selectively traffic, certain CP-AMPAR assemblies. This finding was unexpected, as no other TARP seems to be able to modify or deliver specific AMPAR subtypes.
c-5 preferentially modifies long-form AMPARs
The selective action of g-5 could require that the AMPAR assemblies lack GluR2 subunits, lack Q/R-edited subunits, or lack short-form subunits (GluR2 and GluR3). To distinguish among these possibilities, we examined the effect of g-5 on AMPARs containing GluR2L 40 . Like GluR2, this naturally occurring splice variant is edited at the Q/R site in its pore-lining region and hence suppresses AMPAR calcium permeability. However, in common with GluR1 and GluR4, it has a long C-tail 41 . We transfected cells with GluR2L and GluR4 and estimated the single-channel conductance of high-RI patches (in which most AMPAR channels were expected to be heteromeric assemblies). These gave single-channel conductance estimates of 6.7 ± 1.0 pS (n ¼ 6) in the absence of g-5 and 14.2 ± 2.2 pS (n ¼ 7; P ¼ 0.0143) in the presence of g-5. Thus, expression of g-5 with GluR2L and GluR4 together gave a markedly increased single-channel conductance (Fig. 7a) . The possibility that GluR2L itself gives rise to elevated conductance in high-RI patches can be excluded, as GluR2/4 and GluR2L/4 receptors both yielded very similar conductance estimates in the absence of g-5 (Supplementary Table 2 online). Thus, the macroscopic properties of AMPARs may be modified by g-5, irrespective of the presence of edited GluR2, provided the receptors are composed of long-form subunits.
We next compared the effects of g-5 on unedited (Q) forms of GluR2 and GluR2L, to determine whether the g-5-dependent modification of AMPAR properties was influenced by the calcium permeability of the assemblies per se (Fig. 7b-d and Supplementary Table 3 online). As a control, we examined the effects of g-2, which increased the singlechannel conductance of both GluR2(Q) (from 19.4 ± 1.3 to 30.5 ± 3.7 pS, P ¼ 0.0044, n ¼ 10 and 6) and GluR2L(Q) (from 17.7 ± 1.8 to 26.4 ± 2.3 pS, P ¼ 0.0129, n ¼ 7 and 6). By contrast, g-5 increased conductance for GluR2L(Q) (to 33.0 ± 3.3 pS; P ¼ 0.0017, n ¼ 7) but produced a significant, though less marked, increase in the conductance of the unedited short-form GluR2(Q) (26.1 ± 1.8 pS; P ¼ 0.0066; n ¼ 8) (Fig. 7b) . It is also of note that g-5, unlike g-2, did not increase the low P o,peak shown by homomeric GluR2Q (long or short) (Fig. 7c) . It also changed RI only for the long forms (Fig. 7d) , supporting the view that the action of g-5 is preferentially seen with assemblies containing the long form of GluR2, independent of AMPAR calcium permeability.
According to our interpretation, established TARPs that are not subunit selective would be predicted to produce similar increases in single-channel conductance for GluR2/4 and GluR2L/4. As a control, we therefore compared the increase in single-channel conductance conferred by g-2 on these AMPAR combinations (in patches with linear I-V plots) and demonstrated that this was indeed the case (g-2 increased conductance of GluR2/4 to 11.1 ± 1.1 pS and GluR2L/4 to 14.4 ± 2.2 pS; n ¼ 6 and 9; P = 0.0213 and P = 0.0403, respectively). A further prediction from the analysis in Figure 6a is that other short-form subunits will behave similarly to GluR2(short). We therefore examined the regulation of GluR3 by g-5 and found that its channel conductance was increased, but again less so than that of long-form AMPARs (from 21.7 ± 2.6 to 31.2 ± 2.7; n ¼ 9 and 12, respectively; P ¼ 0.0183) (Fig. 7e) .
To allow direct comparison with our GluR2(Q) data, and to test the prediction that g-5 regulates Q and R forms similarly, we also measured channel properties of GluR2(R) homomers expressed with and without g-5. As expected from previous single-channel recordings 42 , homomeric GluR2(R) AMPARs showed a relatively low single-channel conductance (5.1 ± 1.1 pS, n ¼ 5); the conductance was not significantly increased by expression with g-5 (6.5 ± 0.9, n ¼ 9, P ¼ 0.3446). It is apparent from a plot of conductance versus P o,peak changes for homomeric and heteromeric receptors (Fig. 7e) that the influence of g-5 on conductance was greatest when AMPARs lacked shortform subunits.
c-5 influence on AMPAR surface expression TARPs may bind to multiple regions of AMPAR subunits, including the extracellularly located flip-flop cassette 23 . It was thus of note that the selectivity of g-5 seemed to depend on the length of the subunit's cytoplasmic tail. We therefore considered whether the relatively small effect of g-5 on short-form subunits reflected a lack of binding or a lack of effective trafficking. To determine whether g-5 bound to all AMPARs and, in particular, to both forms of GluR2 (long and short), we performed coimmunoprecipitation assays with a yellow fluorescent protein (YFP)-g-5 construct (see Methods). Antibodies recognizing YFP were able to pull down both GluR2(Q) and GluR2L(Q) when these were expressed with YFP-g-5 (Fig. 8a) . Additionally, coimmunoprecipitation was obtained with homomeric GluR1 and GluR4, as well as with GluR2 when it was expressed in heteromeric GluR1/2(R), GluR2(R)/3 and GluR2(R)/4 combinations, indicating that these © 2009 Nature America, Inc. All rights reserved. Supplementary Table  3) . (b) Single-channel conductance for both GluR2(Q) and GluR2L(Q) was increased by coexpression with g-2 or g-5. (c) Peak open probability (P o,peak ) of GluR2(Q) and GluR2L(Q) receptors was increased by coexpression with g-2 but not g-5.
(d) For GluR2(Q), RI was altered by g-2 but not by g-5, whereas for GluR2L(Q), RI was increased both by g-2 and g-5. Error bars, s.e.m.; *P o 0.05; **P o 0.005; ***P o 0.0005. (e) Plot of conductance ratio (g-5/control) versus P o,peak ratio (g-5/control) for eight AMPAR subunit combinations. Black circles, AMPAR subtypes containing solely long-form subunits (GluR1, GluR2L(Q), GluR2L(R) + GluR4, and GluR4); open circles, AMPAR subtypes containing shortform subunits (GluR2(R), GluR2(Q), GluR3 and GluR2(R) + GluR4). For clarity, subunit names are abbreviated and the editing state for GluR2 indicated only if Q form.
assemblies also interacted with g-5 (data not shown). Given that GluR2 preferentially forms heteromers when expressed with other subunits, we have assumed that surface GluR2 in these conditions reflects heteromeric AMPARs. Together, our results indicate that g-5 physically associates with the various AMPAR assemblies, regardless of their subunit composition or C-terminal length, consistent with the primary site of interaction being within the extracellular ligandbinding domain 20, 21 . If g-5 interacts with GluR2-containing AMPAR-assemblies, does it alter their trafficking to the cell surface? To answer this, we used biotinylation to quantify total and cell-surface expression of GluR2(Q) protein. Cells were transfected with GluR2(Q) and green fluorescent protein (GFP; control) or with GluR2(Q) and YFP-g-5. When GluR2(Q) was expressed with g-5, its surface expression (percentage of total) was reduced from 66% ± 17% to 6% ± 3% (n ¼ 3, P ¼ 0.0259) (Fig. 8b,c) . We extended these findings by examining the surface expression of GluR2L(Q) and GluR2R (Fig. 8c) and GluR1 and GluR4 ( Supplementary Fig. 2 online) . In no case was surface expression increased, and that of GluR2(Q) and GluR2L(Q) was significantly decreased.
For comparison with biotinylation data, we also recorded whole-cell currents for homomeric GluR2(Q), GluR2L(Q) and GluR2(R) receptors with and without g-5 (see Methods). g-5 significantly decreased the glutamate-evoked steady-state current for cells expressing GluR2(Q) ( Fig. 8d ; from 33.8 ± 9.8 to 6.9 ± 1.9 pA pF À1 , n ¼ 8 and 6, respectively; P ¼ 0.0374) or GluR2L(Q) (from 36.0 ± 6.6 pA pF À1 to 8.3 ± 2.2 pA pF À1 , n ¼ 8 and 7 respectively, P ¼ 0.0011). Conversely, with homomeric GluR2(R) the current density was increased (from 27.1 ± 10.9 to 65.9 ± 17.9 pA pF À1 , n ¼ 7 and 6, respectively; P ¼ 0.0281). To confirm the validity of this approach as an assay of surface expression, we measured rates of desensitization and resensitization and recorded steady-state currents in excised patches containing GluR2(Q) expressed with and without g-5 (see Supplementary  Fig. 3 online for details) . Together our data indicate that g-5 is able to decrease the surface expression of certain GluR2-containing AMPARs, but unlike the effects on receptor properties, the decrease in surface expression is not solely dependent on AMPAR C-tail length. In support of this, we also observed a decrease in current density with GluR2L(R). Together, these results suggest that surface expression of GluR2 homomers is decreased, except when the subunit is of the edited short form. The decrease seems specific for g-5, as the current density for GluR2(Q) and GluR2L(Q) was increased by the closely related TARP g-7 (from 33.8 ± 9.7 to 302.4 ± 75.3 pA pF À1 ; n ¼ 8 and 5, respectively; P ¼ 0.0008; and from 36.0 ± 6.6 to 112.7 ± 30.3 pA pF À1 ; n ¼ 8 and 4; P ¼ 0.0066).
Why are the functional properties of AMPARs that contain shortform subunits differentially modulated, given that g-5 can bind to these receptors? Either the binding of g-5 to these subunits only weakly modifies their properties, or most of those AMPARs that reach the cell surface are 'TARPless' . In the former case, one would expect a homogenous population of channels, whereas in the latter, one would expect a heterogeneous population of conductances, corresponding to 'TARPed' and 'TARPless' receptors. To address the question of whether expression of any AMPAR subunit together with g-5 can result in heterogeneous receptor assembly, we examined a subset of patches in which we could compare NSFA data with channel conductance estimates from all-point amplitude histograms of resolved events ( Supplementary Fig. 4 online) . Although one would not anticipate identical values from the two methods, a reasonable correspondence would be expected if patches from cells transfected with g-5 contained a homogeneous channel population, whereas a poor correspondence would be expected if patches contained some resolvable largeconductance openings from TARPed receptors, together with lowconductance brief openings associated with TARPless AMPARs (see ref. 20) . In four patches from cells expressing GluR1 and g-5, the two methods gave estimates that were reasonably comparable (B35 and 45 pS; Supplementary Fig. 4) . The same analyses with GluR2(Q) plus g-5 gave single-channel conductance estimates of B27 and 38 pS (three patches). Together, these results suggest broadly homogeneous channel populations. Thus, although we do not exclude the possibility of some TARPless channels, most AMPARs in the patches examined are likely to be associated with g-5.
Previously, it has been shown that chimeric g-5 bearing the cytoplasmic tail of stargazin can facilitate AMPAR surface expression 20 , suggesting a pivotal role for this domain in AMPAR modulation. We therefore made a truncated form of g-5 without an intracellular tail (g-5 1-206 ) and examined its effect on homomeric GluR2(Q) receptors. Unlike full-length g-5 which produced a small increase in channel conductance (Fig. 7b) , the truncated g-5 1-206 increased conductance (to 36.2 ± 2.2 pS, n ¼ 5, P o 0.0001 versus GluR2(Q) alone; P ¼ 0.0095 versus GluR2(Q) with g-5). These results indicate that the C-tail of g-5 affects the degree to which channel conductance is enhanced. This suggests that either the C-tail itself positively influences the conductance change (see also ref. 21 ) but is less effective in short forms, or that other regions of g-5 drive the conductance increase and this action is inhibited by the C-tail when g-5 is associated with shortform AMPARs. 
DISCUSSION
Our experiments establish that g-5 is a functionally active member of the stargazin family of TARPs. We found that, in common with established TARPs, g-5 could increase single-channel conductance, regulate channel behavior and reduce sensitivity to block by endogenous intracellular polyamines (see refs. [20] [21] [22] [23] [24] [25] . The fact that the role of g-5 was previously overlooked can be readily accounted for by our finding that g-5 shows properties that are fundamentally different from other TARPs. First, although g-5 modifies, to varying extents, channel properties of all AMPAR assemblies, its main effect is to regulate those channels composed of long-form subunits (GluR1, GluR4 and GluR2L). With the exception of GluR2L-containing assemblies, these AMPARs are calcium-permeable subtypes. Second, unlike established TARPs 43 , g-5 reduces or does not increase the surface expression of AMPARs. Third, g-5 differs from all other TARPs in decreasing the open probability of AMPAR channels. As surface expression of recombinant AMPARs can be decreased or unchanged and P o,peak reduced, g-5 might be thought to serve a generally suppressive function. However, it remains to be determined precisely how g-5 operates in the presence of other trafficking and regulatory proteins present in glia and neurons. The PDZ binding domains of g-5, and of its close relative g-7, differ from those of other TARPs, suggesting that they may interact with distinct protein partners 26 . Both have unusually short C-tails and, consequently, lack all but two of the ten phosphorylation sites present in the C-tails of other TARPs. As these sites are thought to be involved in regulation of AMPAR trafficking 44, 45 , it seems likely these differences between TARPs could enable differential receptor regulation.
Although g-5 does not enhance AMPAR surface expression, our experiments indicate it increases current density of homomeric AMPARs composed of the common short-form GluR2(R) subunit. As this increase in membrane current occurs without a significant change in single-channel conductance, it seems likely that channel gating is altered. This emphasizes that g-5 is capable of modifying functional properties of short-form AMPARs. The small responses obtained from GluR2(R) patches precluded a detailed functional investigation. However, a change in gating is of interest, as certain well studied neuronal cell types are thought to express a significant proportion of GluR2(R) homomers 46 .
Within the cerebellum, only BGCs express g-5 mRNA 28 . These cells express CP-AMPARs that are involved in neuron-glia signaling 47 and are crucial for the maintenance of normal synaptic transmission from parallel and climbing fibers to Purkinje cells 10, 39 . Despite the importance of AMPARs in neuron-glia interplay, it was previously unknown whether TARPs influence the trafficking, anchoring or functional properties of AMPARs in glia, as they do in neurons. Our experiments indicate that CP-AMPARs in these cells have properties that match well those shown by recombinant g-5-associated AMPARs. Furthermore, our data indicate that the properties of GluR4/g-5 assemblies match those of the unitary currents activated during neuron-glia signaling in BGCs. The plasma membrane of BGCs directly facing sites of ectopic glutamate release from climbing and parallel fibers contains both SAP97 and GluR subunits 39 . As g-5 in the cerebellum is restricted to BGCs, our finding that g-5 antibody pulls down SAP97 supports these previous observations. Together, our data suggest that g-5 is associated with AMPARs in the BGC membrane apposed to presynaptic terminals, and that it determines the properties of the CP-AMPARs underlying neuron-BGC signaling. This is a critical issue, as calcium signaling in glia (including astrocytes, oligodendrocytes and BGCs) is known to influence their morphology, function 48 and survival 13 -and continuous activation of BGC CP-AMPARs, by glutamate released from climbing and parallel fibers 30 , is essential for maintenance of connections to Purkinje cells 10 .
g-5 is present in the olfactory bulb, globus pallidus, hippocampal CA2 region and thalamus 28 , where it would be expected to regulate AMPAR-mediated calcium entry. The inability of g-5 to 'rescue' of AMPAR responses in TARP-lacking cerebellar granule cells from stargazer mice 22, 49 is entirely consistent with our findings. Granule cells express predominantly the short-form subunits GluR2 and GluR4c. We found only a small increase in channel conductance when GluR2/GluR4 heteromers were coexpressed with g-5; this, together with the fact that g-5 does not enhance AMPAR surface expression, suggests g-5 is unlikely to alter the macroscopic current in granule cells.
While our manuscript was in revision, a paper was published 50 also showing that g-5 is a TARP with subunit selectivity. However, that study differs notably from our own in concluding that only GluR2-containing (calcium-impermeable) AMPARs are regulated by g-5, that this specificity depends on editing at the Q/R site of GluR2, and that g-5 does not control receptor trafficking or surface expression of AMPARs. Although we found, in one case (homomeric GluR2 AMPARs), that g-5 had apparent editing-dependent effects, these recent findings 50 contrast with our main conclusion: that g-5 interacts with all AMPAR subunits and, to varying extents, modifies their properties. In our studies, the predominant functional effect of g-5 was on long-form AMPARs, which (with the exception of the splice variant GluR2L) are calcium permeable. We found that this selectivity of g-5 was not dependent on the Q/R editing state. The presence and function of g-5 in BGCs, a cell type that expresses only CP-AMPARs 29 , seems inconsistent with the view that this TARP affects only GluR2-containing AMPARs. The reasons for these apparent discrepancies remain to be determined. However, our data indicate that the g-5-induced increase in current for R but not Q forms of homomeric GluR2 AMPARs, rather than reflecting selectively enhanced function of edited receptors, results in part from reduced surface expression of GluR2Q. Furthermore, whole-cell recordings 50 did not show g-5 regulation of long-form CP-AMPARs, which could be explained by our finding that a doubling in single-channel conductance of g-5-associated receptors is counteracted by a reduced probability of channel opening.
METHODS
Heterologous expression. We expressed recombinant receptors in tsA201 cells (derived from HEK293 cells stably transfected with the temperaturesensitive gene for SV40 T-antigen), as previously described 24 . Further details are presented in the Supplementary Methods. AMPAR subunit cDNAs (rat, flip isoforms) were gifts from S. Heinemann and P. Seeburg. TARP cDNAs (rat; g-2, g-3, g-4, g-5 and g-8) were gifts from R. Nicoll. Human g-7 cDNA was from OriGene Technologies Inc.
Fast agonist application to excised patches. We recorded macroscopic currents at 22-25 1C from outside-out patches (low-pass filtered at 10 kHz and digitized at 20 or 50 kHz), as previously described 24 . The 'external' solution contained (in mM) 145 NaCl, 2.5 KCl, 1 CaCl 2 , 1 MgCl 2 , 10 glucose and 10 HEPES buffer, pH 7.3 with NaOH. Rapid application of glutamate (1 or 10 mM) and, where indicated, cyclothiazide (50 mM; Tocris) was achieved by piezoelectric translation of an application tool 24 . The 'internal' (pipette) solution contained (in mM) 145 CsCl, 2.5 NaCl, 1 cesium EGTA, 4 Mg-ATP, 10 HEPES, pH 7.3 with CsOH and 0.1 spermine tetrahydrochloride (Tocris). We used NSFA to deduce channel properties from macroscopic responses 24 . Further details are presented in the Supplementary Methods. The rectification index (RI) was defined as the ratio of average peak current responses at +60 mV divided by the response at À80 mV (I +60mV /I À80mV ). Elsewhere (Supplementary Fig. 1; Fig. 5e ) RI was measured similarly, although the negative voltage used was À60 mV. Thus, RI values were directly comparable within, but not across, different experiments.
Whole-cell recordings. tsA201 cells were transfected with AMPAR subunit cDNA and either g-5 or EGFP (control) cDNA. After 24 h, we replated cells onto coverslips. After a further 24 h, we made whole-cell recordings from isolated cells (thick-walled 4-7 MO electrodes; final series resistance 8-18 MO, subsequently compensated by 70%, 7-ms lag). The pipette solution was as above. A ramp protocol was used to change the holding potential (0, À70, +60 mV at a rate of 162.5 mV s À1 , with the voltage held at À70 mV for 200 ms). Records were filtered at 2 kHz and sampled at 5 kHz. Receptors were activated by a bath application of 1 mM glutamate. We subtracted control traces from stable agonist-activated responses and measured the average current at À70 mV. To control for possible differences in cell surface area, we normalized the response by the input capacitance (pA/pF; where capacitance measured from the amplifier was 8-26 pF).
AMPAR deactivation kinetics and BGC quantal event decay constants. We measured AMPAR deactivation in response to 1-ms applications of 1 mM glutamate in the presence of 50 mM cyclothiazide (Fig. 6b) . The current decay was fitted with a double exponential. After correction for temperature differences (see Supplementary Methods), the kinetics were compared with the decay time constants of quantal events previously 30 recorded from BGCs (Fig. 6c) .
Coimmunoprecipitation from brain. We homogenized cerebellar tissue from three rats in buffer A (50 mM Tris-HCl, 0.5% Triton X-100, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 1 mM EDTA, and protease inhibitor cocktail; Roche) and solubilized it for 1 h at 4 1C. Tissue was centrifuged (50,000g, 45 min, 4 1C) and the lysate incubated overnight with 1 mg of antibody to g-5 (anti-g-5; Sigma-Aldrich). After 24 h, the lysate was incubated with 20 ml of protein G-Sepharose (Sigma; 1 h, 4 1C) . The protein G pellet was washed three times in buffer A. Adherent protein was separated on an SDS gel. The proteins were transferred onto nitrocellulose and blotted with anti-SAP97 (1:100) or anti-GluR4 (1:100; both Santa Cruz Biotechnology). As internal controls, we also incubated lysates with either pan-TARP (g-2, g-3, g-4, g-8) antibody or anti-GluR1 (both Millipore).
Coimmunoprecipitation of heterologously expressed receptors. tsA201 cells were grown in flasks and transfected with equal amounts of AMPAR and YFPg-5 cDNA. After 24 h, we washed cells with PBS and lysed them in TNE buffer (50 mM Tris-HCl, pH, 8.0, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100 plus protease inhibitor cocktail (Roche)) for 1 h. After centrifugation (10 min, 14,000g), we removed an aliquot to serve as the input protein sample and incubated the remaining lysate with 1 mg of rabbit anti-GFP (Invitrogen) or rabbit IgG control. After 24 h, we incubated lysates (1 h, 4 1C) with 20 ml of protein G (Sigma). Bound proteins were eluted with SDS sample buffer by boiling (5 min, 95 1C). Immunoprecipitated samples and cell lysates were separated by SDS-PAGE followed by western blotting with mouse anti-GluR2 or rabbit anti-GluR1 (Chemicon; Millipore UK) and anti-GFP (Invitrogen). In the version of this article initially published, the bar graphs in Figure 7c and 7d were misaligned. The error has been corrected in the HTML and PDF versions of the article.
